The variant antigen Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1), which is expressed on the surface of P. falciparum-infected red blood cells, is a critical virulence factor for malaria 1 . Each parasite has 60 antigenically distinct var genes that each code for a different PfEMP1 protein. During infection the clonal parasite population expresses only one gene at a time before switching to the expression of a new variant antigen as an immuneevasion mechanism to avoid the host antibody response 2, 3 . The mechanism by which 59 of the 60 var genes are silenced remains largely unknown [4] [5] [6] [7] . Here we show that knocking out the P. falciparum variant-silencing SET gene (here termed PfSETvs), which encodes an orthologue of Drosophila melanogaster ASH1 and controls histone H3 lysine 36 trimethylation (H3K36me3) on var genes, results in the transcription of virtually all var genes in the single parasite nuclei and their expression as proteins on the surface of individual infected red blood cells. PfSETvs-dependent H3K36me3 is present along the entire gene body, including the transcription start site, to silence var genes. With low occupancy of PfSETvs at both the transcription start site of var genes and the intronic promoter, expression of var genes coincides with transcription of their corresponding antisense long noncoding RNA. These results uncover a previously unknown role of PfSETvsdependent H3K36me3 in silencing var genes in P. falciparum that might provide a general mechanism by which orthologues of PfSETvs repress gene expression in other eukaryotes. PfSETvs knockout parasites expressing all PfEMP1 proteins may also be applied to the development of a malaria vaccine.
In addition to histone deacetylases (HDACs) 8, 9 , histone lysine methyltransferases (HKMTs) or histone lysine demethylases (HKDMs) may have critical roles in controlling gene expression in P. falciparum [4] [5] [6] [7] 10, 11 . There are a total of ten predicted P. falciparum HKMTs (PfHKMTs) belonging to the SET domain superfamily, two PfHKDMs of the LSD1 family and three PfHKDMs of the Jumonji-related family 10, 12 (Supplementary Table 1 ). However, the key factor for var gene silencing remains unknown.
We therefore examined whether PfHKMTs or PfHKDMs are key factors in controlling mutually exclusive expression of the var gene family by attempting to knock out all of the PfHKMT (PfSET) genes and three of the PfHKDM genes in a P. falciparum clone, 3D7 ( Fig. 1a and Supplementary Fig. 1 ). Four out of nine PfSET genes and all three studied PfHKDM genes could be genetically disrupted ( Fig. 1b and Supplementary Fig. 1 ), suggesting that the other five PfSET genes are essential for the parasite in the asexual blood stage. Gene expression microarray analyses showed that the knockout (Fig. 1c, d and Supplementary Fig. 1c ) of the gene previously referred to as PfSET2 (ref. 10) (PlasmoDB gene ID: PF3D7_1322100) led to the expression of virtually all var genes in the ring stage ( Fig. 1e and Supplementary  Table 2 ). By contrast, knockout of any other PfSET or PfHKDM genes did not alter the transcription of the var gene family in 3D7 (Supplementary Fig. 1e-j and Supplementary Tables 3-8 ). In addition, some members of other clonally variant gene families (rifin and stevor) plus the var gene family account for most of the genes upregulated in the P. falciparum 3D7 lacking the SET2 gene (3D7SET2D) (Supplementary Fig. 2 and Supplementary Table 2 ). Therefore, we renamed this P. falciparum variant-silencing SET gene PfSETvs. Activation of the majority of var genes by SETvsD was further corroborated by quantitative PCR (qPCR) at 18 h after invasion in both 3D7 ( Fig. 1f ) and another P. falciparum clone, Dd2 ( Supplementary Fig. 3 ), indicating that PfSETvs is involved in broadly silencing var genes.
To determine whether PfSETvsD activated multiple var genes in a single infected red blood cell (iRBC), we tested whether different types of var genes could be transcribed in a single 3D7SETvsD iRBC by RNA fluorescence in situ hybridization (FISH). Each combined RNA FISH of two representative var transcripts indicated co-expression of all three types of var genes in an individual 3D7SETvsD nucleus ( Fig. 2a ). The tested var transcripts colocalized with each other at a particular site of the nuclear periphery ( Fig. 2a ). Transcription of a control gene, seryl-tRNA synthetase (PF3D7_0717700), did not occur at this site ( Fig. 2a ), suggesting that var genes have a specific transcriptionally active site, in agreement with previous findings 6, 13 . Moreover, our results showed that multiple var transcripts also colocalized at the single peripheral site of 3D7SETvsD nuclei, even though the genomic loci of these var genes were diverse ( Supplementary Fig. 4a -c). Taken together, our results demonstrate multiple var transcripts in one nucleus and suggest that a var-specific nuclear compartment exists for active transcription of multiple var genes.
To determine whether parasites transcribing multiple var genes are able to translate and transport multiple PfEMP1 proteins to the surface of iRBCs, a live-cell immunofluorescence assay (IFA) was performed with rat and rabbit antibodies to different PfEMP1 proteins. As expected, the gelatin-enriched parasite presented knobs on the surface of iRBCs in both 3D7 and 3D7SETvsD (Fig. 2b, c ). Furthermore, surface expression of multiple PfEMP1 proteins on a single 3D7SETvsD iRBC was observed by confocal microscopy ( Fig. 2d and Supplementary Fig. 4d ). It is *These authors contributed equally to this work.
important to note that in 3D7SETvsD iRBCs double labelling of PfEMP1 proteins was always observed (Fig. 2d ). As reported previously 14 , no coexpression of different PfEMP1 proteins in individual iRBCs by 3D7 clones was detected using different antibodies ( Fig. 2d and Supplementary Fig. 4d ). We were also unable to show surface labelling of the active PF3D7_1240600 in the wild-type 3D7 because we lacked an antibody to this PfEMP1.
PfSETvs, an orthologue of D. melanogaster ASH1, is the only representative of the SETD2-NSD-ASH1 clade in P. falciparum ( Supplementary   Fig. 5 ), which, in addition to the SMYD clade, are the two distinct occasions in the evolution of SET domains as H3K36-specific methyltransferases in eukaryotes 12 . To monitor changes of histone lysine methylations by PfSETvsD, antibodies that specifically recognized P. falciparum H3K36me3, H3K36me2 ( Supplementary Fig. 6a , b), H3K4me3, H3K9me3 and H4K20me3 were used in chromatin immunoprecipitation combined with massively parallel DNA sequencing (ChIP-seq) experiments. In the wild-type 3D7, a robust enrichment of H3K36me3 ( Table 2 ). All var genes with authentic hybridization signals are shown in red. The dominantly expressed var gene (PF3D7_1240600) in wild-type 3D7 is indicated by a red arrow. f, qPCR analyses of transcriptional upregulation (log 2 ratio of PfSETvsD to wild-type parasites) of var genes in 3D7SETvsD at 18 h after invasion. Type of var gene (A, B, C or E) is shown at the top. The dominantly expressed var gene and a second gene expressed at a low frequency in the wild-type 3D7 population are indicated by red arrowheads. Experiments were repeated three times. Error bars represent s.e.m.
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was observed only in the telomeric and subtelomeric heterochromatin regions of the 14 P. falciparum chromosomes plus several discrete genomic regions where all of the var genes are located at either 18 or 42 h after invasion. However, compared with other histone lysine methylations, H3K36me3 was greatly reduced in the entire gene body of var genes in 3D7SETvsD at 18 h after invasion ( Fig. 3d and Supplementary Figs 8 and 9) , indicating a direct positive correlation of H3K36me3 with PfSETvs activity. Considering the extremely low level of H3K36me2 at var loci in wild-type 3D7 ( Supplementary Fig. 7a ), only H3K36me3 is functionally important for var gene regulation. PfSETvs may di-and trimethylate H3K36, as these markers were also reduced at the transcription start site (TSSs) of activated var genes owing to PfSETvsD ( Supplementary Fig. 7c-g) . Interestingly, similarly high levels of H3K36me3 were observed in both wild-type 3D7 and 3D7SETvsD at 42 h after invasion when var genes were silent (Fig. 3e) , indicating at least one other PfHKMT that catalyses H3K36me3 in P. falciparum schizont iRBCs. In addition, our data showed that none of the var transcripts colocalized with H3K36me3 in the nuclei ( Supplementary Fig. 10 ). Collectively, our data suggest that the PfSETvs-dependent H3K36me3 is specifically involved in var gene silencing.
Notably, H3K36me3 was also observed for a high enrichment at the 39 end of 400 ring-stage-active genes (other than var, rifin and stevor genes) compared to 400 ring-stage-silent genes (see gene lists in Supplementary Table 9 ) in both wild-type 3D7 and 3D7SETvsD ( Fig. 3f, g) , indicating that PfSETvs-independent H3K36me3 may contribute to transcriptional elongation, as reported in other eukaryotes [15] [16] [17] , and might compensate for the global levels of H3K36me3 in 3D7SETvsD ( Supplementary Fig. 6c, d) . We next examined whether the reduction of H3K36me3 by PfSETvsD is specifically associated with activation of parasite clonally variant genes. Among 5,276 P. falciparum genes, 59 out of 59 var genes, 97 out of 150 rifin genes (including 69 A-type and 28 B-type rifin genes) and 18 out of 29 stevor genes belonged to the top 250 genes with highest reduction of H3K36me3 by PfSETvsD (Fig. 3h) . Furthermore, the same gene group is enriched for increased expression as determined by microarray experiments ( Supplementary Table 10 ). Our data indicate that H3K36me3, controlled by PfSETvs, has a repressive role in silencing parasite clonally variant gene families.
To corroborate further the role of H3K36me3 in var gene silencing, we examined histone modification at the TSS of an active var gene (PF3D7_1240600) and a silent var gene (PF3D7_1200600) in the wildtype 3D7, both of which are active in 3D7SETvsD (Fig. 4a, b) . Because of Supplementary Table 9 ) in wild-type 3D7 (f) and 3D7SETvsD (g). Each gene was equally divided into 20 bins. Total reads of each bin by ChIP-seq were normalized by total uniquely mapped reads. h, Statistical analysis of the correlation between reduction of H3K36me3 and upregulation of var, rifin and stevor gene families. 5,276 parasite genes were sorted from low to high levels of H3K36me3 in 3D7SETvsD normalized by that in 3D7. Expression fold change of each gene by PfSETvsD was shown on the top panel (see also Supplementary Table 10 ). Distribution of all of var (red), rifin, including A-and B-type rifin genes (green) and stevor (blue) genes is shown along the parasite genes (gold).
In the top 250 H3K36me3-reduced genes boxed by dash lines, numbers of var (red), rifin (green), stevor (stv, blue) and other genes (grey) compared to their total numbers were shown in a pie chart at the bottom. Hypergeometric test was computed for the var (P 5 3.4 3 10 280 ), rifin (P 5 9.7 3 10 298 ) and stevor (P 5 1.73 3 10 217 ) gene families to gauge their significance of upregulation in the reduction of H3K36me3.
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high sequence similarity in the 59-untranslated region, including the TSS and the intronic promoter of var genes, ChIP-qPCR but not ChIP-seq can be used in these regions (Fig. 3b, c) . In wild-type 3D7, the TSS occupancy of H3K36me3 is considerably higher in the silent var gene compared to the active one ( Fig. 4a, b) . By contrast, the two var genes studied both exhibited low levels of H3K36me3 at the TSS in 3D7SETvsD, consistent with their active expression ( Fig. 4a, b ). H3K9me3, a transcriptional silent mark, showed similar profiles as H3K36me3 (Fig. 4a, b) , whereas two active marks, H3K4me3 and H4 acetylation, were present at the TSSs of active genes in both wild-type 3D7 and 3D7SETvsD (Fig. 4a, b ). In addition, the similar results were observed in three other var genes representing type A (PF3D7_0400400), type B (PF3D7_0300100) and type C (PF3D7_0617400) ( Supplementary Fig. 11 ). Altogether, our data support the idea that the high level of H3K36me3 at the TSS region is involved in transcriptional repression. It is worth noting that each var gene harbours an intronic promoter driving the transcription of an antisense long non-coding RNA (lncRNA) of unknown function 18 . Our ChIP-seq data showed that two active var genes (PF3D7_1240600 and PF3D7_0900100) in wildtype 3D7 populations (Fig. 1f ) had low levels of H3K36me3 at the 39 end of exon 1, whereas silent var genes had high levels of H3K36me3 at the same region ( Supplementary Fig. 12 ), suggesting a positive correlation between PfSETvs-dependent H3K36me3 occupancy and var lncRNA silencing. To explore this concept further, histone modification profiles in the 39 portion of var exon 1 as a proxy for the lncRNA promoter was examined by ChIP-qPCR, as the introns of var genes are highly conserved among the gene family. Our results showed similar trends of H3K36me3 between the TSSs of var genes and their corresponding 39 but not 59 portions of exon 1 (Fig. 4a, b and Supplementary Fig. 11) , consistent with the observation by strand-specific qPCR that active transcription of var genes coincides with the expression of the corresponding antisense lncRNAs at 8-18 h after invasion (Fig. 4c, d and Supplementary Fig. 13 ). These results demonstrated a correlated upregulation of var genes and their corresponding lncRNAs in association with low occupancy of the PfSETvs-dependent H3K36me3 at the TSS.
To investigate further the biological function of PfSETvs in var gene silencing, a triple haemagglutinin (HA) tag was fused in frame to the carboxy terminus of PfSETvs in 3D7SETvsHA ( Supplementary Fig.  14a-d) . The resulting PfSETvs-HA protein, like wild-type PfSETvs, still contributed to the mutually exclusive expression of the var gene family ( Supplementary Fig. 14e ). Furthermore, IFA analysis showed that PfSETvs-HA located at multiple nuclear sites, one of which colocalized with H3K36me3 in 3D7SETvsHA ( Supplementary Fig. 14f ), suggesting that the enzymatic activity of PfSETvs for H3K36me3 might require additional factors at the single perinuclear site. ChIP-qPCR results showed that, at 18 h after invasion, PfSETvs-HA was not enriched at the TSS and in the intronic promoter region of the active var gene (Fig. 4e) , and instead tended to increase at these regions of silent var genes tested in 3D7SETvsHA ( Fig. 4f and Supplementary Fig. 14g-i) . No comparable enrichment of PfSETvs-HA was observed in a var-unrelated silent gene (PF3D7_0424100) (Supplementary Fig. 14j ). Taken together, our data indicate that PfSETvs-HA specifically localizes to the TSSs and intronic promoters for var gene silencing, in association with the PfSETvs-dependent H3K36me3 (Fig. 4g ).
In this study we have shown that the H3K36 methylation system is differentiated into at least two distinct forms in P. falciparum, with the PfSETvs-dependent system functioning in a negative regulatory capacity (Fig. 4g ), and the second independently of it alongside the elongating RNAPII ( Supplementary Fig. 14k ). Cognates of the PfSETvs-dependent mechanism for gene silencing might also exist in other eukaryotes in the cases of previously reported members of the ASH1-like subclade, such as Caenorhabditis elegans MES-4 (ref. 19 ) and D. melanogaster ASH1 (ref. 20) , and perhaps explain the association between H3K36me3 and silent genes in zebrafish sperm 21 and the pericentromeric heterochromatin in mouse embryonic stem cells and fibroblasts 22 . In the RNAPIIrelated mechanism, H3K36me3 generated by the SETD2 subclade enzymes recruits HDACs 15 and prevents incorporation of acetylated histones 23 a, b, ChIP-qPCR of the active 3D7 var gene PF3D7_1240600 (a) and a silent 3D7 var gene PF3D7_1200600 (b) with antibodies to H3K36me3, H3K9me3, H3K4me3 and histone H4K5/K8/K12/K16 acetylation in both 3D7 and 3D7SETvsD at 18 h after invasion by using three different PCR primer sets schematized in Supplementary Fig. 7b . 3ex1, 39 end of exon 1; 5ex1, 59 end of exon 1. c, d, Expression profiles of messenger RNA and antisense lncRNA transcribed from PF3D7_1240600 (c) or PF3D7_1200600 (d) at five different time points after invasion as shown in the figures. Expression levels of var transcripts were normalized to expression of a housekeeping gene, arginyl-tRNA synthetase (PF3D7_0913900). The forward and reverse primers of the 3ex1 PCR primer set ( Supplementary Fig. 7b ) were used for antisense lncRNA and mRNA reverse transcription, respectively. Type of var gene and its transcription status are shown in parentheses. Experiments were repeated three times. Error bars represent s.e.m. e, f, ChIP-qPCR of the active 3D7 var gene PF3D7_1240600 (e) and a silent 3D7 var gene PF3D7_1200600 (f) with a mouse antibody to HA in 3D7SETvs-HA at 18 h after invasion by using the same PCR primers in a. g, Summary diagram showing that the PfSETvsdependent H3K36me3 enriched along the entire gene body of silent var genes, including the TSS of var genes and the respective intronic antisense promoter, leads to silencing of both var mRNA and antisense lncRNA. Ac, acetylation.
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recruiting Set2 histone methyltransferase and Set3 histone deacetylase complex to repress transcription initiation in yeast 24, 25 , it would be interesting to investigate whether the antisense lncRNA might regulate var gene expression in a similar manner 25 .
The factor that activates individual var genes in the wild-type parasite still remains unknown. It may be a mechanism that randomly turns on var genes at a low rate. We previously found that only 1 in 200 parasites expresses the reticulocyte binding protein-like homologue 4 (Rh4) ligand in Dd2 (ref. 26) , controlled by H3K9me3 (ref. 27) , and a similar mechanism involving PfSETvs may exist for var genes. Recent work demonstrates that PfEMP1 proteins are key targets of humoral immunity 28 . However, malaria immunity is acquired only slowly after years of repeated exposure that, in part, reflects the time required for an individual to experience a sufficient number of variant antigens. The SETvsD parasite could be used as an antimalarial vaccine because of its ability to express all PfEMP1 proteins, to which the antibody would provide efficient protective immunity against malaria.
METHODS SUMMARY
Gene knockout in P. falciparum clones 3D7 and Dd2 was carried out using the double-crossover recombination strategy. After PCR screening, the positive knockout parasites were cloned and confirmed by Southern blot analyses. Transcriptome changes in each 3D7 knockout clone were initially analysed by the PFSANGER Affymetrix array at indicated time points after invasion. Transcriptional upregulation of most of var genes in either 3D7SETvsD or Dd2SETvsD at 18 h after invasion were further corroborated by qPCR. To evaluate the co-expression of multiple var genes in individual iRBCs, two-colour RNA FISH using different var gene probes and live cell IFA with rat and rabbit antibodies to different PfEMP1 proteins were performed at 18 h after invasion of 3D7SETvsD. Our phylogenetic analysis (Supplementary Fig. 5 ) strongly suggested PfSETvs as a H3K36 methyltransferase. We therefore investigated the distribution changes at global level of H3K36me2/3 in 3D7 caused by PfSETvsD by ChIP-seq assay. As controls, we tested other histone methylations (H3K4me3, H3K9me3 and H4K20me3) in parallel. In addition, histone modification changes at the TSS region of var genes were investigated by ChIP-qPCR. To explore the biological function of PfSETvs in regulating var gene silencing further, a triple HA tag was fused in frame to the C terminus of PfSETvs in 3D7SETvsHA by allelic exchange as described previously 11 . For strand-specific qPCR with reverse transcription assay, transcription of antisense lncRNAs driven by the var intronic promoter was investigated at five indicated time points after invasion of 3D7SETvsD or wild-type 3D7. DNA primers used in this study are listed in Supplementary Table 11 .
